This paper describes the use of a dynamic plasticity based constitutive model to represent the response of gap-graded and continuously graded asphalt mixtures commonly used in the UK. The constitutive model is under development at Delft University of Technology, where it will be implemented in the finite element code, INSAP. The paper briefly describes the material response model and details the monotonic, uniaxial compression and tension testing at various temperatures and strain rates that is necessary to determine the basic model parameters. The test data has been used to determine mathematical functions for the compressive and tensile strengths of the asphalt mixtures as well as functions describing their hardening and softening behaviour. The model was then successfully used to simulate the compressive response of the asphalt mixtures.
Introduction
The use of constitutive modelling is well established in many fields of engineering such as soil or rock mechanics, concrete technology, and structures. Asphaltic materials represent a difficult medium for the engineer to model due to their complex physical structure and corresponding complex behaviour. It is well documented that asphaltic materials are both loading rate and temperature dependent and exhibit elastic, viscous and plastic behaviour. Traditionally the numerically intensive computer simulations required to model such complex material behaviour have been prohibitive in terms of computation processing time and storage space required to generate the solution to a problem. However the continuing increases in computing power and advances in numerical techniques now facilitate the implementation of complex constitutive models into incremental numerical techniques such as finite element (FE) methods. The development of an accurate constitutive model for asphaltic materials, once implemented in FE models will provide a versatile tool for the analysis and study of asphaltic material response and performance. An important stage in the development of any theoretical model is the availability of experimental data for the determination, calibration and verification of the model material parameters. In the recent past a triaxial, strain rate sensitive, history and temperature dependent constitutive model for asphaltic and other paving materials was developed at Delft University of Technology [1, 2] . This paper presents details of the experimental determination and verification of the material model parameters required to characterise two standard UK gap-graded and continuously graded asphalt mixtures in a material response model.
Material Response Model
The theory of dynamic plasticity has been identified as a suitable constitutive framework in which to develop a response model for materials, such as asphalt, that exhibit strain rate dependent inelastic deformations [1] . Through retaining the fundamental framework of classical plasticity of a flow surface, decomposition of strains, hardening and softening, the theory has emerged as a realistic, unified, phenomenological modelling approach and is described briefly in the following section. A full description of the material model, including the algorithmic aspects and some stages in its successive development are reported in Scarpas et al. [1, 2] and Erkens et al. [3] .
Constitutive Framework
In analogy to inviscid incremental plasticity the total strain rate can be divided into elastic and plastic components: p e (1) where the elastic component is related to the stress vector by the inverse of the elasticity matrix D e , expressed as:
(2) and the plastic rate component after yielding is defined as:
with the standard Kuhn-Tucker conditions:
where is a scalar constant of proportionality, and f is a response surface associated with a locus of states of stress corresponding to a certain magnitude of inelastic response. The evolution of plastic flow is determined by the consistency condition:
is the strain rate, T is the temperature and is some measure of hardening and/or softening. In the current formulation two main phases of inelastic material response are distinguished. These are the hardening response, governing the range from zero stress to peak stress and the softening response (or response degradation), governing the range from peak stress to response annihilation.
Hardening Response
A single flow surface was deemed sufficient for the simulation of the inelastic phase of material hardening response [2] . The selected flow surface is of the form given by Desai et al. [4] , which in stress invariant space is defined as: (6) in which F b is the basic function describing the shape in I 1 -J 2 space, defined as: and I 1 is the first stress invariant, J 2 and J 3 are the second and third stress invariants and p a is the atmospheric pressure. Equation (6) represents a closed surface in (I 1 , J 2 , ) space, therefore mitigating the requirement for additional cap surfaces along the hydrostatic axis. Material hardening is controlled by parameter . As decreases the size of the flow surface increases, until peak response where = 0 and the surface becomes an open plane in I 1 -J 2 space, see Figure 1 . By defining as a decreasing function of some physically increasing quantity, such as plastic deformation, plastic work [1, 2, 5] or equivalent plastic strain [3, 4] , the characteristics of the material hardening response can be simulated. In this paper plastic work is used to specify the hardening response, defined as:
where p is the plastic strain. The following relationship, proposed by Erkens et al. [3] , will be utilised for :
in which W p lim is the experimentally determined plastic work at peak response, 0 defines the onset of inelastic material response and c is a experimentally determined constant. Parameter defines the slope of the peak response (or failure) surface, represented by a straight line in the I 1 -J 2 plane of Figure 1 and is attained for = 0 (see Section 3.4). Parameter R defines the triaxial tensile strength of the material and is determined as the intercept of the peak response envelope with the I 1 axis (Figure 1 ). The shape of the surface in the deviatoric plane is controlled by parameter . For = 0 the shape is circular, as increases, the shape becomes progressively triangular. The apex of the surface in the I 1 -J 2 plane is determined by the phase change parameter n, which defines the point at which the material changes from contractive to dilative response.
Softening Response
Two independent models are currently specified to control the material response degradation for deformation levels beyond those corresponding to = 0. These are an isotropic softening criterion, to simulate the overall weakening of the material that is observed as a result of compressive loading, and an independent cracking softening criterion that is used to control the tensile softening response. Only the compressive softening criterion is considered here. It is incorporated by specifying , in the post peak response, as a decaying function of the post peak plastic work, W pf , defined as the area under the compressive post peak response curve. Where degradation is controlled by the following exponential decreasing function [3] in which, f is the experimentally determined initial value for parameter , and r = c f is the ultimate value, where c and are experimentally determined material parameters.
Experimental Determination of Model Material Parameters
In this paper determination of the model material parameters was undertaken based on the results of monotonic uniaxial tests.
Experimental Procedure
Two asphalt mixtures were chosen for material characterisation; a 10 mm dense bitumen macadam (DBM) [6] and a 30/10 hot rolled asphalt (HRA) [7] . These materials were selected to represent the two generic types of asphaltic mixtures used in UK road construction and to allow the comparison of a continuously graded versus gap graded composition. Table 1 shows the mixture designs for both materials. Limestone aggregate and 100 penetration grade bitumen were used to produce the mixtures.
To enable the evaluation of the basic model material parameters two uniaxial test configurations were employed. These were the uniaxial compression and uniaxial test tests for which details of experimental development, apparatus and testing procedures can be found in Airey et al. [5] . Due to the significant influence of loading rate and temperature on the response of asphaltic mixtures it was necessary to characterise the response over a range of temperatures and strain rates. Three test temperatures of 5 C, 20 C and 35 C and three displacement rates of 0.1 mm/s, 1 mm/s and 10 mm/s were selected as the test conditions. Three repeats per test condition were undertaken, resulting in a total experimental programme comprising 108 tests.
The tests were undertaken in displacement control, until there was annihilation of the material strength, in the case of compression loading, or until complete fracture of the specimen during tension loading. In both experimental configurations the test specimens were instrumented to measure the applied stress and axial strain, in addition the compression test was also instrumented to measure radial strain. Figure 2 shows typical examples of the stress-strain response for the DBM mixture when subject to uniaxial compression and uniaxial tension loading conditions. Similar material response was observed for both mixture types. As expected, the DBM and HRA mixtures showed a general trend of increasing peak strength with increasing strain rate and more markedly decreasing temperature. On the basis of these results it was possible to describe the peak strength response as a function of strain rate and temperature using the following equation [3] . 
Material Response

Elasticity Parameters
The elasticity material parameters, Young's modulus, E, and Poisson's Ratio, , were determined using linear regression analysis performed on the compression test data taken at the start of each test.
Evaluation of Material Peak Response (Failure) Parameters
As already discussed the results from the uniaxial tests were used to determined the material parameters for the model. Therefore, in the absence of additional stress paths, the influence of the Lode angle, , on the material response could not be examined. With regard to Equation (6), Lode angle independence is equivalent to assuming = 0. Therefore Equation (6b) reduces to unity. Therefore at peak response, = 0, Equation (6) for the Desai surface reduces to:
The only unknowns in Equation (11) are parameters and R. It is possible to determine the value for parameter R for each test condition as the intersection of the peak response surface joining the points ) (T, f c and ) (T, f t with the I 1 axis. Parameter is determined by evaluating Equation (11) for a uniaxial state of stress, and rearranging to obtain Equation (12), which can be solved for by substituting either of the peak strengths ) (T, f c or ) (T, f t for into Equation (12). 
During the hardening phase of the model response, parameter is constant. It is for states of stress after peak response, during response degradation (softening) that is used to control the overall reduction in the observed strength of the materials. By specifying as a decreasing function of plastic work (Equation 9), the size of the successive Desai flow surfaces are diminished.
Determination of the Material Phase Change Parameter
The model parameter n determines the apex of the surface in I 1 -J 2 space and controls the volume change of the simulated material response. It is determined for the state of stress at which the volumetric strain, as a function of the axial strain, changes from a negative to positive gradient. Based on the uniaxial compression test data values for n ranging from 5.5 at low stiffness conditions (35 C at 0.1 mm/s) to 12 at high stiffness conditions (5 C at 10 mm/s) were computed. Similar values were found for all mixtures.
Evaluation of the Material Hardening Parameter
Once all the other model parameters have been determined the only unknown in Equation (6) is parameter . It is therefore possible to compute for all stress levels during the hardening response. Parameter is a constant during the linear elastic phase of material response until plastic flow occurs, where it is then specified by means of Equations (7) and (8) to control the successive increases in the size of the Desai flow surface. Figure 3 shows a field of yield (flow) surfaces for the DBM mixture as determined using the formalistic expressions given in Sections 2 and 3. It shows the hardening behaviour of the mixture during loading at 20 C. From the experimental results it was found that the asphalt mixtures display hardening characteristics in both compression and tension, when loaded at elevated temperatures. However, from Figure 3 , it can be seen that the constitutive model will only predict hardening response for compressive stress paths, and that tensile stress paths will result in elastic conditions until sudden failure. This is related to the specification of parameter , which controls the hardening response, and is currently expressed as a function of the plastic work. At present only the plastic work expended during compressive loading is used to determine , which is then used to control the hardening response in both the compressive and tensile zones of the flow surface. Therefore, future contributions may utilise two independent hardening functions to specify the growth of the flow surface in the compressive and tensile zones respectively. 
Simulation of Asphalt Mixture Response
Characteristics of Flow Surface
Numerical Simulation of Experimental Compression Response
Notwithstanding the above observations, the model's current capabilities are demonstrated in Figure 4 . The figure shows the simulated compression response predicted using the model compared to the actual experimental compression data for the DBM mixture over the range of temperature conditions investigated. The model is therefore able to accurately predict the peak strength as well as the softening and particularly the hardening response of the material.
Conclusions
A constitutive model for materials exhibiting strain rate sensitive behaviour has been presented. The results from monotonic uniaxial compression and tension experiments on two standard UK asphalt mixtures have been used to determine the basic material parameters required by the model, as functions of peak strength, strain rate and temperature. In its present form the model has successfully been utilised to simulate compressive loading of asphalt mixtures. 
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